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I N T R O D U C T I O N
Ca
2+ is a ubiquitous intracellular signal that controls an impressive number of cellular processes; this versa tility of Ca 2+ as a second messenger is possible because intracellular Ca 2+ signals are both spatially and tempo rally segregated.
In skeletal muscle cells, membrane depolarization induces a conformational change in Cav1.1 dihydropyri dine receptors (DHPRs) that is transmitted to the rya nodine receptor (RyR1), causing it to release Ca 2+ from the sarcoplasmic reticulum. Besides the canonical calcium transient associated with excitation-contraction cou pling, calcium waves unrelated to Ca 2+ spikes involved in excitation-contraction coupling have long been described in chick and rodent myotubes (Flucher and Andrews, 1993; Powell et al., 1996) .
Our laboratory has reported the presence of a complex pattern of calcium transients induced by depolarization, related to both excitation-contraction and excitationtranscription signaling in cultured muscle cells. In addi tion to the fast calcium transient mediated by the RyR Correspondence to Enrique Jaimovich: ejaimovi@med.uchile.cl Abbreviations used in this paper: DHPR, dihidropyridine receptors; EDL, extensor digitorium longus; FDB, flexor digitorum brevis; IP 3 Rs, ino sitol trisphosphate receptors; MyHC, myosin heavy chain; NFAT, nuclear factor of activated T cells; RyR, ryanodine receptor; TnIf, fast isoform of Troponin I; TnIs, slow isoform of Troponin I. channels, which drives muscle contraction, there is an IP 3 receptor (IP 3 R)-mediated calcium release that generates longlasting calcium transients (Jaimovich et al., 2000; Powell et al., 2001) . DHPRs act as voltage sensors for this depolarizationevoked slow calcium tran sient (Araya et al., 2003) .
The IP 3 induced calcium signal, which appears most prominently in the nuclei as well as faintly in the cyto plasm surrounding the nuclei, is not related to muscle contraction. We have reported a role for this signal in the regulation of several transcriptionrelated events fol lowing membrane depolarization Juretic et al., 2006 Juretic et al., , 2007 .
In primary culture of rat skeletal muscle cells, high K + -induced depolarization triggers transient activation of both ERK MAPK and the transcription factor cAMP/ Ca 2+ response element binding protein, as well as an in crease in the early genes c-fos, c-jun, and egr-1 mRNAs (Powell et al., 2001; Carrasco et al., 2003) . The activa tion of these transcriptional regulators occurs in the ab sence of extracellular calcium or in the presence of high IP 3 -dependent, post-tetanic calcium transients induced by electrostimulation of adult skeletal muscle fibers Tetanic electrical stimulation induces two separate calcium signals in rat skeletal myotubes, a fast one, dependent on Cav 1.1 or dihydropyridine receptors (DHPRs) and ryanodine receptors and related to contraction, and a slow signal, dependent on DHPR and inositol trisphosphate receptors (IP 3 Rs) and related to transcriptional events. We searched for slow calcium signals in adult muscle fibers using isolated adult flexor digitorum brevis fibers from 5-7wkold mice, loaded with fluo3. When stimulated with trains of 0.3ms pulses at various frequencies, cells re sponded with a fast calcium signal associated with muscle contraction, followed by a slower signal similar to one previously described in cultured myotubes. Nifedipine inhibited the slow signal more effectively than the fast one, suggesting a role for DHPR in its onset. The IP 3 R inhibitors Xestospongin B or C (5 µM) also inhibited it. The am plitude of posttetanic calcium transients depends on both tetanus frequency and duration, having a maximum at 10-20 Hz. At this stimulation frequency, an increase of the slow isoform of troponin I mRNA was detected, while the fast isoform of this gene was inhibited. All three IP 3 R isoforms were present in adult muscle. IP 3 R1 was differ entially expressed in different types of muscle fibers, being higher in a subset of fasttype fibers. Interestingly, iso lated fibers from the slow soleus muscle did not reveal the slow calcium signal induced by electrical stimulus. These results support the idea that IP 3 Rdependent slow calcium signals may be characteristic of distinct types of muscle fibers and may participate in the activation of specific transcriptional programs of slow and fast phenotype.
slowtwitch fibers, whereas fast isoform (TnIf) is re stricted to fasttwitch fibers, and both isoforms are down regulated in denervated muscles. External electrical stimulation of the denervated muscle with a slow pattern (10 Hz) induces a specific upregulation of the TnIs gene, whereas stimulation with the fast pattern (100 Hz) upregulates the TnIf isoform (Calvo et al., 1996) . Although some molecular mechanisms involved in dif ferential gene expression induced by motoneuron elec trical activity have been described, the mechanisms by which the muscle fiber translates the different firing pat terns of motoneurons to induce specific gene transcrip tion programs remain largely unknown. Intracellular Ca 2+ has been found to be an important second messenger mediating activitydependent transcription in skeletal muscle. Among transcriptional pathways that can be activated by calcium signals are the calcineurin-nuclear factor of activated T cells (NFAT), Ca 2+ calmodulin de pendent kinases II and IV, and PKC pathways (Chin et al., 1998; Liu et al., 2001; Serrano et al., 2001; Wu et al., 2002) . In innervated avian cultured myotubes, IP 3 R1 is more abundant in fast muscle fibers compared with slow ones. Moreover, inhibition of IP 3 R1 induces a fast to slow fibertype transition and expression of slow myosin heavy chain 2 gene, in part due to a reduction of NFAT dependent transcription and nuclear localization, suggest ing that IP 3 R1 activity can regulate NFAT transcription factor activity in skeletal muscle fibers and participate in muscle plasticity (Jordan et al., 2005) .
We have set up a protocol for culturing slow and fast adult skeletal muscle fibers and have studied calcium transients evoked by field tetanic stimulation of individ ual fibers using confocal microscopy. We found that fast fibers display an IP 3 Rdependent calcium component, which could be involved in regulating the fast to slow fiber phenotype transition.
M A T E R I A L S A N D M E T H O D S
Muscle fiber cultures 5-7wkold BalbC mice were used in this study. Isolated muscle fibers from mouse flexor digitorum brevis (FDB) and soleus were obtained by enzymatic digestion of the whole muscle with collage nase type 2 (Worthington) (90 min at 450-500 U/ml) and me chanic dissociation with firepolished Pasteur pipettes, similarly as previously described (Rosenblatt et al., 1995) . Isolated fibers were seeded in matrigelcoated coverslips in Dulbecco's modified Eagle medium supplemented with 10% horse serum. Fibers where used 20 h after seeding.
Electrical stimulation and image acquisition
Isolated FDB fibers were incubated 30 min with 5 µM Fluo3AM at room temperature in standard Krebs physiological solution of the following composition (mM): 140 NaCl, 5 KCl, 1 CaCl 2, 1 MgCl 2 , 5.6 glucose, 10 HEPESTris, pH 7.4. Electrical stimulation was ap plied with a couple of platinum electrodes connected through an isolation unit to a stimulator. Trains of 0.3ms square pulses with different duration were used in each case. During stimulation concentrations of ryanodine, which are inhibitory of the RyR response, but is significantly reduced by in hibitors of the IP 3 R system that block the generation of the slow calcium transient. Collectively, these results in dicate that the slow Ca 2+ transients mediated by the IP 3 R are related to signaling pathways that may be part of the early steps in transcriptional activation of skeletal mus cle cells. Although we have extensively characterized this process in cultured muscle cells, these signals have proven difficult to see in adult skeletal muscle fibers.
Different types of muscle fibers exist in adult muscle, varying in both the force and speed of contraction and the fatigue resistance they feature. Each fiber type ex presses a characteristic set of contractile proteins and metabolic enzymes that gives them these specific macro scopic features, in agreement with their role in body movements. Muscles that maintain body posture, sub jected to lowfrequency, repetitive contractions, are com posed of mainly slowtwitch oxidative fibers, whereas those involved in fast, nonfrequent movements are mainly composed of fasttwitch glycolytic fibers. Muscle fiber contraction patterns originate from firing patterns of the motoneuron innervating them. Indeed, sustained contractile activity of slowtwitch fibers is the result of a pattern of lowfrequency tonic stimulation proper to the electrical activity of those motoneurons. Conversely, the phasic, highfrequency pattern characteristic of fast motoneurons matches with the contractile properties of fast muscle fibers (Burke et al., 1973 (Burke et al., , 1982 Ausoni et al., 1990; Kernell et al., 1999; Celichowski, 2000) .
Nerve activity plays a major role in specification and maintenance of a skeletal muscle fiber's phenotype, which depends on both myoblast lineage and motoneuron in nervation (Gunning and Hardeman, 1991; DiMario and Stockdale, 1997; Buckingham, 2001; Kalhovde et al., 2005) . The role of motoneuron activity has been demon strated by different experimental approaches, such as denervation, crossreinnervation, and external electro stimulation (Foehring et al., 1987 (Foehring et al., , 1988 Hennig and Lomo, 1987; Gorza et al., 1988; Bacou et al., 1996; Roy et al., 1996) . Moreover, external electrostimulation with different firing patterns corresponding to different moto neuron subclasses allows the establishment of specific transcriptional programs that control fibertype identity and growth and can induce a fibertype transition by in ducing expression of specific myosin heavy chains and other contractile proteins as well as metabolic enzymes corresponding to the stimulation pattern used (Pette and Vrbova, 1985; Murgia et al., 2000; Liu et al., 2001; Serrano et al., 2001; Kubis et al., 2002) .
Troponin I is a protein of the contractile machinery that possesses two isoforms; these are differentially ex pressed in distinct muscle fibers types (BanerjeeBasu and Buonanno, 1993) , and their regulation is under nerve activity control (Calvo et al., 1996) . Expression of the slow isoform of Troponin I (TnIs) is restricted to with 600 ms train duration (150µs pulse duration) at 20 Hz. The muscle was kept in oxygenated Krebs physiological solution. Imaging was performed with a multiphoton scanning confocal microscope LSM 510 META (Carl Zeiss, Inc.), mounted on an upright microscope and controlled through the manufacturer supplied software and workstation. Images were collected using a waterimmersion lens (PlanApochromat 20x/1.0). Fluo3AM was excited with the 488nm wavelength line of an argon ion laser, and Alexa 594 with the 561nm wavelength line of a DPSS laser. The pinhole aperture was set to 1 Airy Unit. Images were digitized at 12bit resolution for time lapse into a 512 × 512 pixel array. Data were treated using the manufacturer's software Zen2008. Fluores cence images were collected every 1.57 s and analyzed frame by frame. Images from each experiment were processed identically before quantization by outlining the cell's fluorescence and deter mining the mean fluorescence before (F 0 ) and during various treatments (F). The relative fluorescence (F/F 0 ) was calculated as (F  F 0 )/F 0 .
Real-time PCR
Total RNA from skeletal muscle fiber cultures was obtained using Trizol reagent (Invitrogen) according to manufacturer's protocol. cDNA was prepared by reverse transcription of 1 µg of total RNA, using SuperScript (Invitrogen) according to manufacturer's proto col. Realtime PCR was performed using a Stratagene Mx3000P as follows. The reaction mixture consisted of 2 µl buffer PCR 10X, 0.2 µl platinum Taq DNA polymerase 5 U/µl, 0.6 µl MgCl 2 50 mM, 1 µl sense primer 10 pmol/µl, 1 µl antisense primer 10 pmol/µl, 0.4 µl dNTPs 10X, 2 µl SYBR(R) Green Nucleic A (1/2000), and 1 µl cDNA. The final volume of the mixture was adjusted to 20 µl with the addition of DNase and RNasefree H 2 O. Platinum Taq DNA polymerase and SYBR(R) Green Nucleic A were from Invitrogen.
The primers used were: TnIs: 5GAGGTTGTGGGCTTGCTG TATGA3 (sense), 5GGAGCGCATATTAGGGATGT3 (antisense) (Juretic et al., 2007) ; TnIf: 5AGGTGAAGGTGCAGAAGAGC3 (sense), 5TTGCCCCTCAGGTCAAATAG3 (antisense) (Barthel and Liu, 2008) ; actin: 5TCTACAATGAGCTGCGTGTG3 (sense), 5TACATGGCTGGGGTGTTGAA3 (antisense).
PCR amplification of the housekeeping gene actin was per formed as a control. Thermocycling conditions were as follow: 95°C for 2 min and 44 cycles (TnI) or 40 cycles (actin) of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s, and 84°C for 7 s, and a final cycle of 7 s at 72°C. PCR products were resolved by electrophoresis on 2% agarose gel and stained with ethidium bromide. Quantification of mRNAs was based on quantity of nanograms. Results were expressed as nano grams TnI/nanograms actin ratio (percentage of control).
Data analysis
Results of n experiments are expressed as a mean ± SEM, and the significance of differences was evaluated using Student's t test for paired data and oneway ANOVA followed by Dunnett's posttest for multiple comparison or Tukey's posttest for multiple pair com parisons. P < 0.05 was considered to be statistically significant.
R E S U L T S
Electrical stimuli induced a two-component Ca 2+ signal in adult skeletal muscle fibers When isolated FDB fibers were stimulated with 270 pulses (0.3 ms each) at 45 Hz, we observed that the Ca 2+ transient had at least two components. The first compo nent was fast, simultaneous to tetanicpulse stimulation and related to contraction (Fig. 1) . A later, slower signal experiments, fibers were in Krebs buffer at 21-23°C. Experiments with no extracellular calcium were in the same Krebs buffer with out calcium and supplemented with 0.5 mM EGTA.
Image series during stimulation experiments were obtained with a confocal microscope (Carl Zeiss, Inc. Axiovert 135 M, LSM Microsystems). After excitation with a 488nm wavelength argon laser, the fluorescence images were collected every 1.0-2.0 s (cor responding to exposure time for each image) and analyzed frame by frame. The average cell fluorescence, F, was calculated for each image on an outline of the cell and normalized to its initial or pre intervention value F 0 as (F  F 0 )/F 0 . Caution was taken to use mini mal laser power in all experiments (a maximum of 10% of maximal laser power). For rapid image acquisitions, data were obtained by line scan of fibers every 1.92 ms; these data were analyzed with the software program WinWCP (J. Dempster, Strathclyde University, Glasgow, Scotland).
Inhibitors
To block DHPR, 25 µM nifedipine was added to the physiological medium for 15 min. To specifically block IP 3 Rs, either 5 µM Xes tospongin C (XeC) or 5 µM Xestospongin B (XeB) were applied for 20 or 30 min, respectively, to fiber preparations. In the case of nerve muscle preparation, incubation with 20 µM XeB was used. We used XeB or C according to availability. Both toxins have been reported to be effective (Jaimovich et al., 2005) , although some variability between batches makes it advisable to test the alterna tive toxin in case of negative results.
Membrane potential and action potential records
Membrane potential and action potentials were recorded in iso lated fibers as described above. Records were made with micro electrodes filled with 1 M potassium glutamate and 20 mM KCl (pH 7.4) with 40 M tip resistance. An Ag/AgCl electrode in a salt bridge filled with the same solution was used as ground refer ence. The microelectrode was connected to a MicroProbe System Model M707 (WPI). The output was offset corrected, and the ca pacity was compensated and then digitized by an analogue to digi tal converter (Labmaster DMA, Scientific Solutions).
Immunofluorescence Cryosections (10-14 µm thick) from adult mice muscles were fixed using freshly prepared paraformaldehyde (2-4%) for 15 min, washed 3 times with 0.1 M PBS, pH 7.4, and blocked with PBS con taining 2% BSA for 1 h. Incubation with specific primary antibod ies were made in the same blockade buffer at 4°C overnight. Next, muscle sections were washed in PBS and incubated with Alexa conjugated secondary antibody for 1 h at room temperature and finally mounted with Vectashield (Vector Laboratories, Inc.). Mounted sections were examined by confocal microscopy. Repre sentative images were acquired with a Carl Zeiss, Inc. Axiovert 135 microscope (LSM Microsystems).
Antibodies to a purified epitope of type1 IP 3 R were provided by M. Estrada (Universidad de Chile, Santiago, Chile). Antibodies rec ognizing type2 and type3 IP 3 R were from Chemicon. Antibodies directed against fast and slow myosin heavy chains were obtained from SigmaAldrich. Antibodies directed against fast IIX and IIA myosin heavy chains were provided by P. Maire (Institut Cochin, Paris, France). Alexa 488 and Alexa 633-conjugated antirabbit or antimouse immunoglobulin G were from Molecular Probes.
Nerve muscle preparation
The nerve muscle preparation was made from a mouse extensor digitorium longus (EDL) muscle as previously reported for dia phragm (Minic et al., 2003) . The muscle was dissected keeping tendons at both extremities and keeping the axons innervating it. After loading for 30 min with Fluo3AM, the muscle was fixed by its tendons in a holder chamber and the nerve was stimulated tetanus (600 ms, 45 Hz), the slow Ca 2+ component is barely apparent, but the posttetanic Ca 2+ transient can still be fitted by a double exponential decay with time constant  1 = 56.22 ± 1.96 ms and  2 = 1419.97 ± 278.07 ms (n = 3) (Fig. 1 D) . No changes in resting membrane po tential were evident after tetanic stimulation; the initial resting membrane potential was 55 ± 1.1 mV and after tetanus was 52.7 ± 2.7 mV (n = 3), all action potentials show a clear overshoot, and action potential halfwide du ration was in a range of 1.1-1.6 ms. As posttetanic after depolarization was not seen, it is not possible to ascribe slow calcium transients to late voltage sensor activity.
As in cultured myotubes, DHPR acts as a membrane potential sensor for the onset of the slow signal. When adult fibers were incubated with 25 µM nifedipine, the slow signal component was abolished. Fast signal am plitude was still present but significantly diminished in was observed as a delayed return to basal fluorescence levels after tetanic stimuli. The posttetanic decay of the calcium signal can be fitted by a twoexponential func tion, with time constants (at slow sampling rates)  1 = 2.26 ± 0.06 s and  2 = 18.02 ± 0.45 s (n = 6 fibers, from three independent experiments). The amplitudes of the signal were A 1 = 2.123 ± 0.119 (in arbitrary units) for the fast component and A 2 = 0.473 ± 0.060 for the slow com ponent, the latter representing 18% of the total signal. The second signal has an intracellular origin, because stimulation in the absence of extracellular calcium did not change the signal kinetics (Fig. 1) . The slow component of the Ca 2+ transient is only apparent after tetanus; the Ca 2+ transient for a single twitch can be fitted by a single exponential decay as seen in the example in Fig. 1 D. In this case, the time constant (at fast sam pling rates) is  = 44.29 ± 2.67 ms (n = 7). After a short Figure 1 . Electrical stimuli induce a twocomponent Ca 2+ signal in adult skeletal muscle fibers. Isolated muscle fibers from mouse FDB and loaded with Fluo3AM were stimulated with a train of 270 pulses (0.3 ms each) at 45 Hz. Images were obtained by confocal micros copy. (A) We observed a first fast Ca 2+ signal related to contraction when tetanic train was applied (gray bar in the graph) followed by a slower signal, observed as a delayed return to basal fluorescence levels after tetanic stimulus. Experiments were done in the presence of standard Krebs solution containing 1 mM calcium (filled squares, n = 11) or in absence of calcium with a medium supplemented with 0.5 mM EGTA (empty squares, n = 8). Experimental points could be fitted by a double exponential function as shown for a typical record in the lower graph (B). Images on the right (C) correspond to fiber fluorescence before, during, and after application of electrical stimulus (end of stimulation indicated by time = 0 s). (D) Single twitch can be fitted by a single exponential decay as shown for a representative record at left. On the right, an example of the signal obtained after stimulation with a short tetanus (45 Hz, 600 ms). Because of the small number of pulses, the slow signal is barely apparent, although the posttetanic Ca 2+ decay can still be fitted by a double exponential.
these conditions (Fig. 2 A) . Incubation of fibers with 5 µM XeC, which specifically blocks the Ca 2+ release by IP 3 R, also inhibited the slow Ca 2+ signal induced by electrical stimulation in adult muscle fibers (Fig. 2 B) . Fitting of posttetanic Ca 2+ signals from fibers preincubated with XeC show an 80% reduction in  2 value, with no effect in  1 value. If we wanted to report these results in terms of changes in amplitude values, we would use the values of tau obtained for control experiments, and in this case the fitted amplitude of the slow calcium transient drops to <0.1% of the total signal.
The slow Ca 2+ signal is not present in isolated fibers of the slow skeletal muscle soleus
We wanted to know whether the slow Ca 2+ signal found in FDB fibers would be present in soleus muscle fibers. Isolated muscle fibers from soleus were obtained and seeded using a procedure similar to that used for FDB. Fibers were then stimulated with 270 pulses of 0.3 ms each at 45 and 10 Hz. Representative transients for these fibers can be observed in Fig. 2 C. No delayed return to basal levels was observed, and these signals were closer to those obtained in FDB fibers treated with inhibitors for the slow Ca 2+ signal, suggesting the absence of this slow signal in soleus fibers.
The slow Ca 2+ signal is dependent on frequency and duration of the electrical stimulus
To evaluate the role of frequency and duration of stimu lus on slow Ca 2+ signal features, we stimulated fibers at 2, 5, 10, 45, and 90 Hz. To compare the effect of train dura tion, we chose a 45Hz frequency, and we stimulated with 23, 68, and 270 pulses. To eliminate fiber to fiber ampli tude signal variations, the same fiber was stimulated with three successive trains at 2, 5, and 10 Hz, with intervals of 100 s between them. In another set of fibers, the sequence was inverted (i.e., 10, 5, and 2 Hz) to avoid a possible bias due to successive train stimulations. The same type of protocol was performed at higher frequencies, with suc cessive trains of 10, 45, and 90 Hz. The 10Hz amplitude value was used as reference point to compare amplitudes at all frequencies studied and the values obtained for different sets of fibers (in the two frequency's orders for each series) were processed together. Ca 2+ signal Figure 2 . The slow Ca 2+ signal induced by electrical stimuli is dependent on DHPR and mediated by IP 3 , and is not present in isolated fibers of the slow skeletal muscle soleus. Isolated muscle fibers from mouse FDB were obtained and treated as in whereas for 2 and 90 Hz, this value drops to 35.37 ± 8.86% and 37.57 ± 2.85%, respectively. The values for 2 and 90 Hz are significantly different from that obtained at 10 Hz, with P < 0.05. If we normalize by the 10Hz value, we observe that at 2 Hz, the slow component corre sponds to 53% of the 10Hz value, whereas at 90 Hz, the slow component represents 57% of this value. This is consistent with the analysis of areas shown in Fig. 3 A. As area calculation gave the same information as ampli tudes from fitted signals, we used only area analysis in Fig. 3 B. As a control, we measured the slow calcium sig nal amplitude in three successive trains at the same fre quency (45 Hz) and we found no significant variations (unpublished data). Interestingly (Fig. 3 A) , the amplitude of slow cal cium signal showed a bellshaped curve depending on stimulation frequency. At low frequencies (2 Hz), the calcium signal was much reduced. The amplitude grew to reach a maximum value at frequencies from 10 to 20 Hz. Further increasing the frequency of stim ulation produced a decrease in the slow signal ampli tude (Fig. 3 A) . The number of pulses in the stimulation train also had an impact on the slow signal ampli tude, augmenting with an increase in the number of pulses (Fig. 3 B) .
Slow Ca
2+ signal in muscle fibers indirectly stimulated through the motor nerve
Ca
2+ signals are very difficult to record in neuromuscu lar preparations due to microscope limitations and to important movement artifacts inherent to contraction during experiments. Nevertheless, this type of prepa ration was useful because muscle cells are in a more physiological condition, and the stimulation by the nerve is the very source of depolarization of the muscle fiber in vivo.
We were able to make a nerve muscle preparation from a mouse EDL muscle and record the Ca 2+ signals obtained after stimulation of its nerve. After loading with Fluo3AM, the muscle was fixed by its tendons in a holder chamber and the nerve was stimulated with 600ms trains (150 µs of pulse duration) at 20 Hz (Fig. 4) . This short train duration was chosen to limit the movement of the preparation to keep the recorded set of fibers in the microscope field. After nerve stimu lation, we observed the fast Ca 2+ signal related to con traction (the movement artifact being evident), and after the contraction finished, a second component very similar to that described in this work for isolated fibers was obtained. Similar to results obtained for iso lated fibers, this posttetanic Ca 2+ signal can be fitted to a double exponential decay, with time constants  1 = 2.74 ± 0.27 s and  2 = 13.22 ± 1.49 s. As observed in the graph in Fig. 4 , this second component was completely abolished when muscle was incubated with 20 µM XeB for 30 min. In this case, posttetanic signal can be fitted amplitude was evaluated as the area under the F/F 0 curve, in the time window between 4 and 60 s after the stimulus end. We choose 4 s as the time to start measur ing slow signal amplitude because at this time the fast sig nal was already negligible (as seen in experiments using slow signal inhibitors). Alternatively, the posttetanic Ca 2+ signals recorded from fibers stimulated at 2, 10, and 90 Hz were fitted to double exponential decay, considering tau values obtained for control signals at 45 Hz ( 1 = 2.26 s and  2 = 18 s). Fast signal was arbitrarily normalized to a constant value, and the values obtained for amplitudes for fast and slow components showed that slow compo nent represents 66.45 ± 10.57% of total signal at 10 Hz, Figure 3 . The slow Ca 2+ signal is dependent on frequency and duration of the electrical stimulus. (A) Individual isolated FDB fi bers were stimulated with 270 pulses at 2, 5, and 10 Hz or at 10, 45, and 90 Hz (and in the inverted sequence 10, 5, and 2 Hz and 90, 45, 10 Hz). The magnitude of the slow Ca 2+ signal was measured as the area under the curve in the posttetanic region. The values are arbitrary units normalized against the area corresponding to 10 Hz. The graph shows the mean area of different fibers stimu lated in both sequences of stimulation frequency. We observe a bellshaped curve, depending on frequency, with a maximum at 10 Hz. Differences between each pair of frequencies, for each frequency series (i.e., 2 vs. 5, 2 vs. 10, and 5 vs. 10; 10 vs. 45, 10 vs. 90, and 45 vs. 90), are statistically significant (*, P < 0.05). (B) The magnitude of slow signal was dependent on the duration of electrical stimuli. The graph shows the mean values for different fibers stimulated at 45 Hz with 23, 68, and 270 pulses. The area values are arbitrary units normalized against signal correspond ing to 270 pulses. We observe that the signal magnitude increases with the increase in the stimulus duration. (*, P < 0.05) IP 3 R-1 is absent in slow-type muscle fibers and is expressed preferentially in fast, IIX-type muscle fibers Unlike IP 3 R2 and 3, IP 3 R1 was not expressed uni formly in all muscle fibers. We observed a mosaic pattern of expression of this IP 3 R subtype in all mus cles studied (Fig. 5, C-F) . To identify the fiber types positively reacting to anti IP 3 R1, we labeled serial sections with antibodies directed against isoforms of myosin heavy chain (MyHC). MyHC I will label type I (slow) fibers, MyHC II will label all type II (fast) fi bers, MyHC IIA will label a subtype (IIA) of fast fi bers, and MyHC IIX will label all type II fibers except for those type IIX. In soleus sections (Fig. 5, G-I) , we observed that IP 3 R1 was absent in type I slow fi bers (indicated by asterisks), being expressed only in type II fibers. In tibialis anterior sections, a mainly fast muscle that does not contain slow, type I fibers, the mosaic pattern of expression was also observed by a single exponential decay with a time constant  = 1.86 s.
IP 3 R-2 and 3 are expressed in adult muscle at different intracellular locations All three IP 3 R isoforms were expressed in adult muscle. To look for specific locations of each subtype of IP 3 R, we made cryosections of different mouse muscles, and the specific expression of each IP 3 R isoform was re vealed by immunofluorescence (Fig. 5, A-F) . IP 3 R2 appears to be expressed in all muscle fibers (only one example is shown) both in scattered clusters at the core of the fiber and in the perinuclear regions (Fig. 5 B,  arrows) . IP 3 R3 was also expressed in all muscle fibers (one example shown) and seemed to be absent in most of the nuclear regions. It appears to be expressed in a striated pattern, typical for sarcoplasmic reticulum pro teins (Fig. 5 A) . In the right panel, we can see the fluorescence images of the muscle before, during, and after the stimulation through its nerve at 20 Hz for 600 ms. Application of the stimulus is indicated by time = 0 s. Each photograph had a scanning time of 1.57 s with no delay between them. We can see that after the end of tetanus, the fibers took several seconds to return to basal fluorescence levels as in the case for isolated fibers. In the graph at left, the average of four Ca 2+ signals (filled squares) and the inhibition of the slow component obtained after incubation of nerve muscle preparation for 30 min with 20 µM of XeB (empty squares) are shown. The relative fluorescence levels are normalized to the maximum value obtained for each case.
I, slow isoform (TnIs), 4 h after the stimulus (Fig. 6 A) . TnIs expression levels are in accordance with the variation of slow calcium signal amplitude with fre quency of stimulation, as stimulation at 20 Hz (where slow signal has a maximum) induced a higher and sooner increase of TnIs mRNA than 45Hz stimula tion (Fig. 6 A) . This increase is dependent on IP 3 R because when we blocked them with a specific inhibitor such as XeB before the stimulus, we could no longer ob serve an increase in TnIs mRNA levels (Fig. 6 B) . This re sult indicates that the slow Ca 2+ signal participates in transcription activation of the slow isoform of TnI gene.
Importantly, the same stimulus produced a decrease in mRNA of the TnIf, 2 (not depicted) and 4 h post stimulus, that was also inhibited by XeB. This decrease was not observed at 45 Hz (Fig. 6 C) . (Fig. 5 E) , indicating that IP 3 R1 is preferentially ex pressed in a subset of fast, type II fibers. Using specific antibodies recognizing different type II myosin heavy chains we observed that expression of IP 3 R1 was in deed absent in slow fibers (Fig. 5, G-I ) and was lim ited to fast, mixed metabolism type IIX fibers (Fig. 5, J-L) , not stained by an antibody recognizing type IIA fi bers nor by that recognizing all fibers but IIX.
IP 3 -dependent calcium signal had opposite effects in the expression of slow and fast isoforms of Troponin I gene in adult muscle fibers
We searched for participation of the slow Ca 2+ signal in transcriptional events in adult fibers and we found that after 45Hz tetanus stimulation, there was a sig nificant increase of mRNA levels of skeletal troponin Figure 5 . IP 3 Rs subtypes are expressed in adult muscle at different intracellu lar locations. Immunofluorescence im ages for IP 3 Rs and myosin heavy chain markers in different muscle slices are shown. IP 3 R3 was expressed in all muscle fiber types (A) and seems to be absent of most of the nuclear regions. It appears to be expressed in a striated pattern typical for sarcoplasmic reticu lum proteins. IP 3 R2 also appears to be expressed in all muscle fibers and is ex pressed in some clusters at the core of the fiber and in the perinuclear regions (B, arrows). On the other hand, IP 3 R1 is not present in all muscle fibers, show ing a mosaic expression pattern in all muscles studied: gastrocnemius (Gas), soleus, tibialis anterior (TA), and EDL (C-F). Immunofluorescence on serial cryosections of adult soleus mouse mus cles using antibodies against type 1 IP 3 R (G and J), slow MyHCI (H), MyHCII (I), MyHCIIX (labeling all fibers ex cept IIX, panel K), and MyHCIIA (L). We observe that IP 3 R 1 was absent in slowtype fibers, and its expression was restricted to a subgroup of fast fibers, corresponding to type IIX.
D I S C U S S I O N
In cultured skeletal muscle cells, a mechanism for excita tion-transcription coupling, linking electrical activity to gene expression has been described. This mechanism is triggered by Cav1.1 (dihydropyridine receptors) acting as voltage sensors and includes activation of G proteincoupled receptors, PI3 kinase, phospholipase C, and IP 3 Rs, a characteristic feature being the presence of a slow, lowintensity calcium transient, unrelated to muscle contraction (Jaimovich et al., 2000; Powell et al., 2001; Araya et al., 2003; Eltit et al., 2006; Buvinic et al., 2009) .
In this work we have characterized the Ca 2+ signals in electrically stimulated adult skeletal muscle fibers. We have shown that in some fibers, two signals are appar ent; one is related to contraction during the time dura tion of electrical stimulus and a second one, observed as a delayed return to basal fluorescence levels after the end of electrical stimuli, is dependent on IP 3 R. As expected for a signal with more than one component (see below), the posttetanic decay can be fitted by a twoexponential function, giving two distinct time con stants. The slower one ( = 18.02 s), can be associated with the IP 3 dependent signal, whereas the fast one may be related to the fast Ca 2+ release through the EC coupling mechanisms.
The time constant for the fast component cannot be cal culated in frame to frame records, the time lapse between frames being too long (1.8 s). To estimate this time con stant, we performed line scan in both single twitch and short tetanus experiments. We found values for the fast time constant similar to those reported in the literature (Carroll et al., 1995 Liu et al., 1997; Capote et al., 2005; Calderon et al., 2009) , considering that we have used a relatively highaffinity calcium dye.
The slow component ( = 18 s) of the calcium transient has not been previously reported in mammalian muscle. Most of the works in the literature deal with single twitch or trains with few pulses at high frequencies (Carroll et al., 1995 or low affinity dyes (Capote et al., 2005; Calderon et al., 2009) , conditions in which the slow component is hard to see; nevertheless, after short tetanus we can still fit a double exponential decay to the posttetanic Ca 2+ transient with time constants very simi lar to those reported recently by Calderon et al. (2010) .
It has been demonstrated that the time course of cal cium release can be calculated by modeling the decay phase and integrating it in the balance equation for intra cellular calcium as described in Melzer et al. (1984 Melzer et al. ( , 1987 (see also Delbono and Stefani, 1993; Ursu et al., 2004;  (B and C) . PCR was performed with primers specific for skeletal TnIs, TnIf, and actin, which serves to normalize TnI values. (A). We observe a significant increase of mRNA levels of TnIs two and 4 h after the stimulus (*, P < 0.05; **, P < 0.01); this increase was much larger for 20 Hz than for 45Hz stimulation.
The increase was not obtained (B) after 4 h when fibers were incubated with the specific inhibitor of IP 3 R XeB. (C). TnIf sig nificantly decreased (##, P < 0.01) 4 h after 20Hz stimulus; 45Hz stimulus shows no effect. The decrease was not obtained after 4 h when fibers were incubated with XeB.
that the decay phase in our experiments adjusts to a double exponential decay would indicate the presence of a second and late release event, taking place during and after the end of stimulus.
At a fixed frequency, the amplitude of this second signal is dependent on the number of electrical stimu lation pulses, being higher when the number of pulses is increased. This result is coherent with the idea proposed by Eltit et al. (2004) of a dose responselike phenomenon, where the effect on the DHPR as voltage sensor could be additive. In that work, the need of a minimum threshold number of depolarizing events to induce the IP 3 dependent Ca 2+ signal is also pointed out. Unlike primary myotubes, where this threshold is found at around 200 pulses (at 45 Hz), in adult fibers this threshold appears to be much lower, as the slow Ca 2+ signal is still visible after 23 stimula tion pulses. A possible explanation could be the higher level of organization of membrane structures in the adult muscle cell, which could result in a more effi cient signal transduction from the voltage sensor to the IP 3 machinery.
The slow Ca 2+ signal shows a bell shaped curve as a function of the frequency of stimulation, with a maxi mum between 10 and 20 Hz. These data suggest that there is a balance between the rate of IP 3 production at the plasma membrane and the rate of activation of IP 3 R at the sarcoplasmic reticulum. Activation of DHPR at each pulse could produce a quantum of IP 3 , but there could be a need for a minimum number of these quanta to reach the concentration required for activation of IP 3 R. Under this hypothesis, at very low frequencies, the rate of IP 3 production (and/or degradation) would not allow the necessary accumulation of this molecule to activate IP 3 R. At higher frequencies, accumulation could take place, and the slow signal would appear and in crease with frequency until maximal production was reached. To explain the behavior at even higher fre quencies, we can hypothesize that there is a maximal frequency that can be detected by the system, limited by the rate of IP 3 synthesis and/or the rate of signal trans mission from DHPR to IP 3 production machinery. At these high frequencies, the machinery would not be able to detect the stimulus or sustain an increasing pro duction. The time lapse of IP 3 production and conse quently the duration of the slow calcium signal would be a function of the duration of the stimulation train at a given frequency; by keeping the number of pulses constant, the actual duration of the tetanic stimulus di minishes and so does the magnitude of the Ca 2+ signal as shown in Fig. 3 A.
We found no slow Ca 2+ signal in fibers from soleus muscle, even if IP 3 R2 and 3 are expressed in this mus cle and approximately half of its fibers also express IP 3 R1. Coincidentally, Calderon et al. (2010) have recently reported two time constants decay for fast Royer et al., 2008) . This model assumed that the rates of calcium removal after the depolarizing stimulus (obtained for experimental data) are the same as those occurring during the depolarization. This implies that the removal systems have the same properties before and after the stimulus. Another assumption is that the calcium release drops rapidly after the end of the stimulus, so modeling the decay phase is equivalent to model the removal pro cess. A slow component of decay was reported in frog muscle (Klein et al., 1991) for decay of fura 2 signals after a 200ms voltageclamp depolarization. The authors' in terpretation was that this slow decay was consistent with the properties of the calcium extrusion and buffering mechanisms based on a model that considers a single release process, constant calcium leak from sarcoplasmic reticulum, and the sarcoplasmicendoplasmic reticulum calcium pump acting in a highly cooperative way. We can not completely rule out the presence of such a compo nent, but these conditions are unlikely to be found in mammalian fibers where parvalbumin levels have been reported to be relatively low (Heizmann et al., 1982) and sarcoplasmicendoplasmic reticulum calcium pump co operativity is close to two (Zafar et al., 2008) .
In this work, using a similar theoretical approach, we assumed a single exponential decay for initial calcium removal and we fitted the decay phase of the calcium transient to exponential functions as an approxima tion to evaluate the events occurring in the calcium re lease process. As in the method described above, we assume that the removal systems have the same proper ties before and after the stimulus and that the release is finished rapidly after the end of pulses. In this way, decay kinetics can give us information about the re lease process, even if we do not try to explicitly calculate the rate of calcium release as is done elsewhere (Melzer et al., 1984 (Melzer et al., , 1987 Delbono and Stefani, 1993; Royer et al., 2008) .
The fact that the calcium decay after a train of pulses in adult FDB muscle fibers fits to a double exponential decay can be interpreted as follows. First, from the bal ance equations we can assume that the release process would also have at least two components. Second, as we propose, these two components correspond to calcium fluxes through RyR and IP 3 R, and that calcium release through IP 3 R has a delay over the calcium released through RyR; it is possible then that part of the calcium release (corresponding to our slow signal) continues after the end of the stimulus. In this case, we could not adopt the second assumption exposed above and the decay phase would represent both the removal process and this late release. In previous works (Melzer et al., 1984; Delbono and Stefani, 1993) , the decay phase was fitted to a single exponential decay. This fact has been used as an argument to support the assumption of the stop of release process shortly after the stimulus (Delbono and Stefani, 1993) . Using the same argument, the fact could participate more in cytoplasmic signals. In the case of IP 3 R1, the differential expression between dis tinct fiber types suggests the presence of a mechanism that represses its expression in slowtype fibers. It is possible that IP 3 R1 transcription could be sensitive to muscle activity pattern (i.e., frequency and load), as is the case for other genes whose expression is restricted to specific fiber types, like myosin heavy chains or some metabolic enzymes (Ausoni et al., 1990; Schiaffino et al., 1999; Pette and Staron, 2001 ). Transcription of IP 3 R1 has been reported to increase in cultured mus cle cells upon electrical stimulation (Valdes et al., 2008) or by innervation (Jordan et al., 2005) . Further experi ments must be done to probe the effect of different stimulation patterns on IP 3 R1 transcription. On the other hand, the differential presence of IP 3 R1 in dif ferent muscle fiber types could involve the generation of specific calcium signals in those fibers where it is ex pressed, having a role in the plasticity of fiber pheno type. Experiments of knockdown of IP 3 R1 in adult muscle will help us to elucidate this point.
The slow Ca 2+ signal has a role in transcription activa tion of several genes in cultured myotubes (Juretic et al., 2007) . In adult muscle, we have shown that mRNA of slow TnI is increased after electrical stimulation whereas expression of the fast isoform of TnI was re pressed by the same stimulus. Both induction of TnIs at low frequencies and repression of TnIf at high frequen cies are IP 3 R dependent as they were inhibited by XeB. It is interesting to note that TnIs is a gene expressed only in slow fiber types and its transcription is under control of neural activity (Calvo et al., 1996; Rana et al., 2005) . As mentioned, we have seen that slow Ca 2+ sig nals are sensitive to frequency and duration of the elec trical stimulus. We can speculate that in adult muscle, slow Ca 2+ signals act as a decoding tool of different stim ulation patterns incoming from the motor neuron, which participate in muscle plasticity. The fact that slow Ca 2+ signals were not present in slow muscle fibers and the fact that they participate in regulation of slowtype genes in fast fibers would suggest that the slow Ca 2+ signal is involved in the induction of a slow phenotype, mediated by a particular pattern of electrical stimulation of fast muscle fibers.
We want to thank Jorge Hidalgo and Paola Llanos for their help in measuring membrane potential in isolated fibers. muscle fibers and only one for slowtype fibers. Talon et al. (1999) measured the IP 3 evoked Ca 2+ signals in permeabilized muscle fibers from soleus and EDL (a fast type) mouse muscles. They found that in both muscles, IP 3 produces Ca 2+ release from the sarcoplas mic reticulum that yields a measurable contracture of the muscle. The amplitude of this contracture was larger in soleus than in EDL muscle, confirming the fact that IP 3 participates in Ca 2+ release in adult skele tal muscle. Nevertheless, that experiment only shows the presence of functional IP 3 R in adult muscle, but does not link the production of IP 3 to a physiological membrane stimulus. Our results in soleus muscle could be explained by a lack of link between depolar ization events and the PLC activation that leads to IP 3 production. In this sense, a previous report from Mayr and Thieleczek (1991) shows that in fast and mixed type muscle from Xenopus leavis and in mixedtype rat gastrocnemius muscle, there is an increase of IP 3 con centration after tetanic stimulation. Interestingly, they do not see such increase in the slow soleus muscle un der the same tetanic stimulus. This report supports our speculation that the signaling protein complex (Buvinic et al., 2009 ) that links DHPR to PLC activa tion and IP 3 production may be absent or not func tional in soleus muscle.
Another line of explanation comes from the fact that soleus is a muscle with oxidative metabolism and a high mitochondria content. The calciumbuffering role of mitochondria has been well demonstrated in different cell types as well as in muscle (Isaeva and Shirokova, 2003; Isaeva et al., 2005) . It would be possible that soleus does have IP 3 dependent signals, but the mitochondria content, and then its buffering capacity, is high enough to prevent its visualization. Experiments of stimulation in the presence of mitochondrial uncoupling drugs could be useful to assess this point.
We have shown that IP 3 dependent signals are also present in muscle fibers directly stimulated by the nerve. This reinforces the idea that slow calcium sig nals are indeed physiologically relevant for muscle function. In a previous work from our laboratory, it was shown that slow signals were present in the neuromus cular region on a hemidiaphragm preparation when stimulated with high extracellular potassium . The present work extends this result, demonstrating that slow signals are present in the whole muscle fiber when stimulated with a physiological activity pattern.
All three types of IP 3 Rs are expressed in adult skeletal muscle. The particular expression pattern of each one could reflect a differential participation in the slow Ca 2+ signal generation, as seen before for other IP 3 dependent Ca 2+ signals (Iino, 2000; Hernandez et al., 2007) . The perinuclear expression of IP 3 R2 could preferentially mediate nuclear signals, whereas IP 3 R3
